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SUMMARY

Two chemically different phases, hexagonal BN and wurtzite
AlN, were simultaneously deposited by chemical vapor deposition
(CVD). The BN+AlN films were grown on Al,0; substrates using an
impinging jet geometry from BC1l,;-Al1Cl,-NH;-Ar reagent mixtures.
Also, BN and AlN as single phase coatings (BN-CVD and A1N-CVD) were
prepared for comparison purposes. The effects of processing
parameters such as temperature, pressure, and reagent concentration
on deposition rate and microstructure of the BN, A1lN, and BN+AlN
coatings were systematically investigated. The coatings were
characterized using XRD, SEM, XPS, TEM, electron diffraction, and
electron microprobe. 1In general, the BN+AlN coatings consisted of
very small BN and AIN grains as two distinctly different
crystalline phases. For example, a composite containing single
crystal whiskers of AIN in a matrix of turbostratic BN of 2 nm
grain size was prepared. The hardness of the BN+AlIN coatings
increased on increasing the AlN content.

A mass transfer model was developed to identify intrinsic
deposition mechanisms for the BN and AlN systems. At typical
operating conditions, the BN-CVD process was determined to be
kinetically~-controlled whereas the AIN-CVD process could be
approximated by calculating mass transfer-thermodynamic limits when
low AlCly concentrations were used. At high AlCl, concentrations,

a surface reaction involving AlCl; adsorbed on the deposition




surface appeared to be the rate-limiting step. The BN+AlN-CVD
process could not be described in a quantitative manner by
superimposing the deposition mechanisms obtained from the single
phase CVD processes. However, the growth characteristics of BN and
AlN in the codeposii .on system were similar to those expected from
their single phase deposition processes except for several minor,
but interesting differences. The growth of AlN whiskers was
accentuated in BN+AIN-CVD comparing to that in AIN-CVD. In both
BN+A1IN-CVD and AlN-CVD, the growth of AlN whiskers became more
apparent with increasing pressure or temperature. A physical
competition between BN and AlN grains in the composites was
suspected to cause the reduction in the ultimate grain size of BN
and AlN.
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CHAPTER 1

- >
INTRODUCTION

/

In recent years material requirements have become more
strict and sophisticated for many novel applications such as
space vehicles, ultrasonic jets, ceramic heat engines, high
performance cutting tools, etc. It is of great interest to
prepare advanced ceramics that possess high temperature
stability and strength. A major difficulty exists, however,
as the traditional brittleness of ceramics often causes
catastrophic failures, thus, limiting their wide usage [1].
Dispersed phase ceramic composites appear to be one solution
to this problen. The composites usually possess superior
mechanical properties (e.g., fracture toughness, strength,
resistance to wear and erosion, hardness, etc.) compared to
those of single phase ceramics.

The performance of dispersed phase ceramic c;mposites is
strongly related to their microstructure. In general a
microstructure consisting of a matrix of small equiaxed grains
containing numerous uniformly dispersed small secondary
particles is preferred. However, this type of structure is
often difficult to obtain by using conventional techniques
such as powder blending followed by sintering or hot pressing

since the dispersed particles tend to be too large and they




segregate. A further problem in the case of powder mixtures
is that it is difficult to achieve acceptably high densities
by sintering for many ceramic systems.

Chemical vapor deposition (CVD) offers an alternate
avenue of preparing ceramic composites in the form of coatings
by either simultaneous deposition of multiple phases (i.e.,
codeposition) or by alternately depositing several phases. -
CVD is a sophisticated and complex material processing
technique which requires a detailed understanding and
application of the traditional <chemical engineering
fundamentals such as thermodynamics, kinetics, transport
phenomena, and crystal nucleation and growth theory. In a
conventional CVD system, precursors in the form of vapor are
introduced to an open-flow reactor. The precursors react
homogeneously and/or heterogeneously as activated by thermal
means (e.g., 500 to 2000°C). Subsequent heterogeneous
nucleation and growth result in film deposition on substrates
placed inside the reactor. In the microelectronic industry
the CVD technique has been widely used to deposit dielectric
or metallic films (e.g., SiO,, Si,N,, Si, Al and W) on
integrated circuits. The technology is also used extensively
to coat cutting tools with TiC, TiN and/or Al,0, and therefore
extend their life.

The major advantage of preparing dispersed phase ceramic
composites by CVD is that mechanical as well as chemical,

electrical, optical, and thermal properties of the composites
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can be favorably tailored by controlling their composition and
microstructure. The desired microstructure can be achieved
by optimization of CVD process variables such as temperature,
pressure, reagent concentration, substrate type, reactor
geometry, etc. The potential for controlling deposit
composition and microstructure, and therefore properties,
offers a promising future for preparation of advanced ceramics
by CcVD. This, of course, overrides the relatively high cost
of reagents used in many CVD systems.

Prior work in preparing dispersed phase ceramic
composites by CVD has been recently reviewed by Lackey et al.
[2] and Hirai and Goto [3-5]). Even though rapid progress has
been made, the preparation of such composites has been
severely limited by the facts that: (1) the governing
principles of the CVD processes are not thoroughly understood
and (2) accurate kinetic and mass transfer data are not
generally available in the 1literature and are extremely
difficult to obtain in a traditional <CVD reactor
configuration.

In order to describe a CVD process, a comprehensive model
which integrates the underlying principles of thermodynamics,
kinetics, transport phenomena, and nucleation and crystal
growth theory is required. To date, sophisticated
mathematical kinetic/mass transfer models have been developed
to relate processing parameters to growth rate and coating

uniformity for relatively simple and well-understood processes




used in the semiconductor industry (e.g., Si- and Si,N,-CVD).
In the case of ceramic composites for structural applications,
a realistic model which accounts for crystal nucleation and
growth behavior as well as chemical and/or physical
interaction between multi-chemical solid phases is needed in
order to predict the composites’ microstructure and ultimate
properties. However, this type of modeling process becomes
almost intractable in the absence of extensive and
"meaningful" experimental work, which 1is wvirtually non-
existent in the literature for most codeposition processes.

Therefore, the purpose of the present study has been to
increase the understanding of codeposition of multiple ceramic
phases by obtaining accurate experimental data and developing
a model based on the data. Specifically, codeposition of
boron nitride (BN) and aluminum nitride (AlN) from the BCl,-
AlCl,-NH,-Ar reactant mixture has been studied. The overall

reactions are:

BCl, + NH, => BN(s) + 3HCl (1-1)

AlCl, + NH, => AILN(s) + 3HCl (1-2)

Soft hexagonal BN acts as a lubricating phase because of its
laminar structure while AIN having a wurtzite structure
provides the necessary hardness to the composites. The BN+AlN
system offers the promise of tailoring properties such as

thermal conductivity, friction coefficient, hardness, and




resistance to wear and erosion for possible radome,
electronic, and tribological applications.

The present study has been conducted as follows. First,
BN+AlN composite coatings as well as BN and AlN single phase
coatings were prepared by CVD using an impinging jet geometry.
The influences of temperature, pressure, and reagent
concentration on deposition rate and microstructure of the
BN+AlN-, BN-, and AlN-CVD systems were systematically
investigated. Second, a mathematical model which describes
the mass transport of gas species in the impinging jet
geometry was developed. The model was used in identifying and
quantifying intrinsic kinetic mechanisms of the BN- and AlN-
CVD processes. Third, extensive characterization was
performed to determine the microstructure of the coatings
using X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), electron microprobe, scanning electron
microscopy (SEM), and transmission electron microscopy (TEM).
Finally, the physicochemical nature of the BN+AlN-CVD process
was studied by: (1) comparing the BN-CVD and AIN-CVD to the
BN+A1N-CVD from a kinetic standpoint and (2) analyzing the
relationship between the microstructure and processing

parameters.




CHAPTER II

REVIEW OF LITERATURE

The first two sections of this chapter review the CVD of
BN and AlN as single phase materials (i.e., BN-CVD and AlN-
CVD). Physical properties and microstructure of BN and AlN
are discussed. Also, the relationship between deposition rate
and processing conditions are reviewed from kinetic and
thermodynamic standpoints. The next section surveys prior
success in codepositing multiple ceramic phases by CVD. 1In
the last section, a summary on the current theoretical
understanding of CVD 1is introduced with emphasis on
limitations and difficulties frequently encountered in
analyzing complex CVD systems. As the current status and
understanding of the CVD processes are being examined,
experimental and theoretical methodologies used in the present

research are developed and rationalized.
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The hexagonal structure of BN is similar to that of
graphite as shown in Figure 2-1. This laminar structure is
responsible for the softness and lubricating behavior of BN.

The bonding distance between B and N atoms is 1.45 & and the
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Figure 2-1.
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Crystal structure of hexagonal BN [6].
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interlayer distance is 3.33 & [6]. The theoretical density
of BN is 2.27 g/cnm’.

BN is chemically inert and can only be dissolved by
highly concentrated hydrofluoric or hydrosulfuric acid [6].
However, BN deposited below 1400°C may be susceptible to
moisture by forming boric acid [7]. BN is a high temperature
material. The resistance of BN to high temperature oxidation
is superior to that of pyrolytic graphite. In an inert
atmosphere, BN dissociates into B(s) and N,(g) only at very
high temperatures (e.g., above 2000°C). The equilibrium
dissociation pressure of N, is: 760 torr at 2500°C, 11.5 torr
at 2000°C, and 9.9x10” torr at 1100°C [8].

As shown in Table 2-1, the uniqueness of BN is that it
is a good thermal conductor while it is also an electrical
insulator. Also, in Table 2-1, other important properties of
BN are compared with those of AlN and other materials relevant
to the present investigation. The properties of BN and AlN
prepared by hot pressing and CVD are separately listed for
comparison purposes. As will be mentioned later, it is
important to note that BN prepared by CVD can exhibit
anisotropic behavior. Therefore, some properties listed in
Table 2-1 should be used with care; contradictory results are
sometimes reported in the 1literature. For example, the
thermal expansion coefficient in the c-direction of BN
prepared by CVD is reported to be anywhere from 7.3x10™° to

36.0x10™" °‘C" (see Table 2-1).




Table 2-1. Properties OF BN, AIlIN, Al,0,, BN+AIN and
C(graphite).
Properties B AlN Al,0, BN+ALN’ Pyrolytic
HP cvD HP cvD (Hot Pressed)| Graphite
Micro- 10
hardness 0.1* 0.8" to - ~18 3.0 S
(GPa) 12
Electrical
Resistivity| >10" >10" >10% >10% >10% - -
(ficm)
Density
theo: 2,27 3.26 3.97 2.21
obs: 1.9 1.4 3.1 3.15 92%
(g/cm’) to to to to
2.0 2.2 3.2 3.20
Young'’s
Modulus 82 - 340 - 378 - -
(GPa)
Thermal i3 15 a: 63
Conduc- to 20 to 250 125 20 1t 44
tivit to - to -
(W/m. C) : 40 c: =2 220 30 f: 37
to 58
Thermal
Expan- 1t 0.8 a: 2.5
sion to 3.2 to 6.4 4.5 i1t 5.5 a: -2
Coef- to - ~7 }: 6.3 c:~25
ficient j: 0.4 |c: 7.3) 5.6
(x10'/°C) to 1.2 | to 36
Specific 0.441 0.24 0.25 0.26 0.2%
Heat at at at - at - at
(calyg-°¢C) | 700°c RT RT RT RT
HP: Hot Pressed
* Hot Pressed BN+AlN Composite (71wtd BN, 24wt$ ALN, Swtt B,0,), Courtesy of
Union Carbide Corporation
- Obtained from the Present Investigation
theo: Theoretical Density
obs: Observed Density
i Perpendicular to Pressing Direction
I: Parallel to Pressing Direction
a: a-Crystallographic Direction
b: b-Crystallographic Direction
RT: Room Temperature




BN prepared by CVD exhibits increasing anisotropy as
deposition temperature increases from 700 to 2100°C. The
hexagonal phases of BN become preferentially oriented parallel
to the deposition surface (i.e., preferred orientation of the
(002) plane) with increasing deposition temperature. The
highly anisotropic material is commonly called pyrolytic boron
nitride (PBN) which is usually obtained at temperatures above
1900°C. PBN has been commercially manufactured for use as
high quality crucibles in the semiconductor industry. The
preparation and properties of PBN have been the subjecté of
numerous studies and are well documented [6,8-13]. BN can be
deposited from many reagent systems such as BCl,+NH,, B,H+NH,,
B,N,H,, and B,N,H,Cl,. The BCl,+NH, combination is most widely
used.

Matsuda et al. [14] reported that BN deposited on
graphite from the BCl,-NH,-H, reactant mixture below about
1400°C was usually isotropic. The transition from the
anisotropic to isotropic crystalline state was also influenced
by other variables such as pressure. For example, a mixture
containing both anisotropic and isotropic BN phases could be
deposited at 1200°C when the pressure was less than 10 torr.
Takahashi et al. (15,16] observed that the transition occurred
at about 1100°C. They examined the crystallinity of BN
deposited on carbon steel from the BCl,-NH,-H,-Ar mixture in
the temperature range of 900 to 1200°C. BN became more

crystalline with increasing deposition temperature. BN
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coatings obtained below 1050°C were turbostratic as indicated
by the appearance of a very broad (002) peak (Figure 2-2).
Above 1050°C, the appearance of a sharp (002) peak at the
expense of the broad peak was observed indicating the
formation of pyrolytic BN. The authors cited that this
transitional behavior of turbostratic BN was similar to that
of turbostratic graphite. Motojima et al. [17] reported that
transparent turbostratic BN was deposited on copper from the
BC1,-NH,~H, mixture at temperatures in the range of 400 to
700°C. BN deposited below 450°C was found to be unstable upon
exposure to air.

As shown in Figures 2-2a and 2-2b, the (002) XRD peak was
the only major peak in the XRD spectrum of anisotropic BN.
The sharp (002) peak resulted from the highly preferred
crystalline orientation. However, for isotropic BN, as shown
in Figures 2-2d and 2-2e, the (002) peak for isotropic BN was
usually observed as a broad peak or hump, which was a
representation of "turbostratic" structure. The turbostratic
BN structure can be viewed as a semi-crystalline phase where
"BN layers are stacked roughly parallel to each other but show
random orientation and translation about the layer normal
(18]" causing the broadening of the (002) peak.

Matsuda et al. [14] demonstrated that the grain size of
BN decreased with decreasing deposition temperature. The
average grain size of BN decreased continuously from 8 nm to

about 1.5 nm when the deposition temperature was decreased

11
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from 2000 to 1200°C. However, the grain size was not
significantly influenced by pressure. The grain size was
determined by measuring the FWHM (Full-wWidth at Half-Maximum)
of the (002) peak.

The density of BN decreased linearly from about 2.15
g/cm’ to about 1.45 g/cm’ when deposition temperature was
lowered from 2200 to 1450°C [6,19]. Also, Matsuda et al. [14]
showed that the density of BN was strongly influenced by
pressure. In general, deposition of the high density BN was
favored at 1low pressures. For example, the density
drastically increased from 1.6 to 2.1 g/cm’ with decreasing
pressure from 10 torr to 5 torr at 1400°C. It was explained
that the decrease in the apparent density of BN with
decreasing temperature was due to a steady increase in: (1)
e interlayer spacing and (2) the number of internal
micropores. They speculated that BN particles or clusters
formed in the gas phase caused the formation of the
micropores. The main idea behind their hypothesis was that
recrystallization and/or sintering of the particles or
clusters at low temperatures were limited and unlikely to
yield high packing density.

{net ) 3 .

Tanji et al. [12] studied LPCVD (low pressure chemical
vapor deposition) of PBN (pyrolytic BN) on graphite from the
BCl,-NH,~N, reactant system using a horizontal hot-wall tube

furnace. The total operating pressure was typically 2 torr.
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The influences of pressure, fluid velocity, and partial
pressures of BCl, and NH, on deposition rate along the flow
direction were investigated at a deposition temperature of
1900°C. Also, they performed a series of experiments in which
the deposition temperature was varied.

For the temperature variation experiments, a graphite
rod (3 cm in diameter and 7 cm in length) was used as a
substrate. The graphite rod was placed coaxially in the tube
furnace. The deposition rate was determined by measuring the
weight gain on the substrate. The deposition rate
exponentially increased from 5.60x10™ to 5.60x10™" moles/cm’/s
with increasing temperature from 900 to 1250°C indicating the
process was kinetically controlled in this temperature range.
The apparent activation energy was calculated to be about 50
kcal/mole. The calculation was performed without accounting
for any mass transfer contributions and reagent depletion
along the axial direction. Above 1250°C, the process appeared
to be diffusion-limited as the deposition rate eventually
reached a constant level of about 1.2x10” moles/cm’/s at
1500°C. For the above experiments, a BCl, partial pressure of
0.3 torr and an NH,/BCl, mole ratio of 4 were used.

The deposition rate increased with increasing gas
velocity at 1900°C indicating that the growth of BN was
diffusion~limited at this temperature. Also, the deposition
rate on the graphite substrate decreased exponentially along

the flow direction. The slope of the rate decrease along the
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flow direction was steeper at lower gas velocities. It seemed
that the steeper slope was due to the increase in residence
time caused by decreasing the fluid velocity (i.e., more
reagent depletion). They also reported that the deposition
rate increased with increasing partial pressure of BCl, at
1900°C, but was independent of NH, partial pressure. Based
on the observed results, they concluded that the diffusion of
BCl, was the rate-limiting step for the BN growth at 1900°C.
However, they did not provide much needed kinetic data in the
temperature region of interest to the present investigation
(e.g., 700 to 1300°C).

Malé and Salanboubat [13] reported results similar to
those of Tanji et al. [12] supporting that mass transfer of
BCl, was the rate limiting step at temperatures above about
1300°C. Their investigation was performed in a vertical cold
wall reactor using the BCl,~NH,~He reagent system. Inside the
reactor, the reagent gas stream impinged on the flat surface
of a graphite disc, which was suspended in the reactor. The
deposition rate increased linearly from 9.80x10" to 1.46x10°°
moles/cm’/s with increasing temperature from 1450 to 1800°C.
The temperature variation experiments were performed at 1
torr. With increasing pressure from 0.75 to 2 torr, the
deposition rate first increased to a maximum value and then
steadily decreased as pressure was further increased to 15
torr. The BCl, mole fraction of 0.061 and the NH,/BCl, mole

ratio of 3 were used for the pressure variation experiments
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and also for the temperature variation experiments described
earlier. The deposition rate increased 1linearly with
increasing BCl, partial pressure. The deposition rate
increased linearly on increasing the NH,/BCl, mole ratio from
0 to 3 and then the rate reached a constant level when the
ratio was higher than 3.

Matsuda et al. [20] observed formation of BN particles
or clusters in the gas phase (i.e., homogenous nucleation) at
high temperatures and high BCl, concentrations. They
performed a series of kinetic experiments using a cold-wall
reactor in the temperature range of 1200 to 2000°C and the
pressure range of 5 to 60 torr using the BCl,-NH,-H, reagent
system; the results are in Figure 2-3. The BCl, mole fraction
of 0.156 and NH,/BCl, mole ratio of 0.643 were used for the
experiments.

As can be seen from Figure 2-3, the deposition rate
steadily increased with increasing pressure from 5 to 60 torr
at 1200 °C. However, at higher temperatures (i.e., 1400 to
2000 °C), the deposition rate started to decrease when a
critical pressure level was reached. The critical pressure
decreased as the deposition temperature increased. Matsuda
and his coworkers explained that the decrease in the
deposition rate was due to reagent depletion, which was caused
by the formation of BN particles in the gas phase. Their
explanation was supported by the fact that their data were

qualitatively in agreement with the classical nucleation
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theory, which will be discussed in the last section of this
chapter. Also, Tanji et al. [12] observed the formation of
spherical BN particles in the gas phase at 1900°C when the
BCl, partial pressure was higher than 0.226 torr. Matsuda et
al. suspected that some of the BN particles became a part of
the coating (i.e., imbedded) while heterogeneous deposition
was taking place at the substrate level, thus, lowering the
apparent density of the coatings.

Matsuda et al. calculated the apparent activation energy
for the heterogeneous deposition process to be about 32
kcal/mole in the temperature range of 1200 to 1400°C and the
pressure range of 5 to 10 torr. At the higher pressures, as
expected, the Arrhenius relationship was not observed due to
the occurrence of homogenous nucleation. The apparent
activation energy of 32 kcal/mole is compared to that of 50
kcal/mole reported by Tanji et al. [12] whose work was
mentioned earlier. Moore [7] observed the activation energy
of 27.3 kcal/mole in the temperature range of 1000 to 1300°C.
Moore’s work was performed using a commercial reactor system
in order to coat graphite substrates having a complex geometry
from the BCl,~NH,-H, reagent system. The inconsistency in the
reported apparent activation energy values was obviously due
to the fact that mass transfer contributions and reagent
depletion were not accounted for.

The effect of various substrates on the deposition

behavior has been reported. Takahashi et al. [15] reported
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that non-crystalline powdery BN or NH,C1l was deposited on
graphite at temperatures below 1600°C whereas a crystalline
BN film was deposited on carbon steel, stainless steel, and
nickel. However, other authors [7,12,14,20] reported that the
deposition of turbostratic BN on graphite was possible in the
temperature range of 900 to 1600°C. Sano and Aoki [21)]
reported that well-adherent and transparent BN was deposited
on fused silica and sapphire in the temperature range of 1000
to 1100°C.

In most of the studies reviewed in this section, BCl, and
NH, were separately introduced into reactors as they tended to
form undesired NH,C1l powder at temperatures below 450°C. The
distance between the mixing position of BCl, and NH, and the
substrate location (i.e., mixing length) influenced the growth
rate as well as the quality of the deposit ([11,15]. 1In the
case of cold-wall reactors, it was found that there was an
optimum length (usually less than 2 inches) as BCl, and NH,
might react prematurely to form powdery NH,Cl in the low
temperature region before reaching the substrate.

Hannache et al. [22] studied the thermodynamics of the
BCl,-NH,~H, reagent system by performing calculations, which
were based on minimization of the Gibbs free energy of the
systen in the temperature range of 1027 to 1427°C and in the
pressure range of 0.8 torr to 76.0 torr. The calculations
predicted cthat complete conversion (100% yield) of BCl, to BN

occurred as long as the NH,/BCl, mole ratio was higher than 1.
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When the ratio was less than 1, the formation of B as an
additional solid phase was predicted at the expense of BN.
When the NH,/BCl, ratio was less than 0.25, the formation of
B was favored over that of BN. The predicted deposition
behavior was not strongly dependent on pressure or
temperature.,

In summary, the CVD of BN is a relatively well-understood
process. However, intrinsic heterogeneous kinetic mechanisms
have not been determined since most investigators’ aim was to
prepare pyrolytic BN and, therefore, their studies were
usually performed under mass transfer controlled process
conditions. The inconsistent results were attributed to the
fact that the role of mass transfer on the observed deposition
rate was not accounted for in interpreting the deposition
data. Nevertheless, two important general kinetic
characteristics were identified from these studies: (1) the
CVD of BN appeared to be kinectically-controlled below about
1000 ‘C and (2) the formation of BN particles in the gas phase

was observed at high temperatures and BCl, concentrations.

Alumi Nitrid
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Aluminum nitride (A1N) is a hard material possessing the
wurtzite crystal structure (i.e., distorted hexagonal).
Recently AIN has received much attention in the

microelectronic industry as a new substrate/packaging material
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for electronic devices due to its high thermal conductivity,
low electrical conductivity, and high flexural strength. AIlN
can be etched in a controllable fashion using diluted
phosphoric acid. Thermal, electrical, physical, and optical
properties of ALN prepared by hot pressing and CVD have been
reported in the literature [23-29]. Some important properties
of A1N are listed in Table 2~1 (p. 9) and compared with those
of BN, Al,0,, and graphite. The thermal conductivity of hot-
pressed A1N (usually 150 to 170 W/m’/K) is comparable to that
of BeO or BeO-doped SiC, which has been extensively used for
nicroelectronic applications [25]. BeO is a toxic material
whereas AlN is known for its inertness.

AlN is usually prepared by hot-pressing with a sintering
agent such as Y,0,, CaO, CaC,, etc. A recent study by Iwase et
al. [25] showed that the sintering agents actually increased
the thermal conductivity of the hot-pressed A1IN. However,
when the oxygen content in the hot-pressed A1N was more than
3%, a decrease in the thermal conductivity by about 40% was
observed. AlN grains with an average size of 1.5 um were
observed when sintering agents such as CaC, and Y,0, were used.
However, non-uniform AlN grains ranging from 1 to 5 um were
observed when the sintering agents were not used.

AlIN thin films have been prepared by various techniques
such as reactive evaporation, sputtering, MBE (molecular beam
epitaxy), CVD, plasma-enhanced CVD (PECVD), etc. [29]). Among

these techniques, CVD has been most widely used to prepare AlN
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in the form of films. AlCl, and NH, have been mainly used as
reagents although Al1Cl,*NH, and organometallic precursors have
been used in some studies [26,28,30].

Kelm [28] deposited AIN by CVD using AlCl,*NH,. The
AlCl,*NH, powder was placed in a boat and heated to 250°C.
Hydrogen was used to carry the ALCl,*NH, vapor into a hot-wall
furnace. Transparent and well-adherent AlN was obtained on
Si(111) substrates in the temperature range of 800 to 1200°C.
Their TEM studies showed that the average grain size increased
with increasing deposition temperature. The average grain
size was: 10 nm at 800°C, 20 nm at 900°C, 60 nm at 1000°C,
110 nm at 1100°C, and 220 nm at 1200°C. Electron diffraction
studies indicated that AlN deposited above 1000°C did not have
any preferred orientation while Al1N deposited between 800 and
1000°C was preferentially oriented to the (002) plane. The
density of the AlN coating was measured to be about 3.15 to
3.2 g/cm’.

Yim et al. [27] reported that single crystal AIN(002)
could be deposited on sapphire from the AlCl,-NH,-H, reagent
mixture in the temperature range of 1000 to 1100°C. The AlN
coatings grew in a hexagonal-pyramidal fashion. Cracking of
AlN on the sapphire substrate was observed because of the
thermal expansion mismatch between the AlN coating and Al.0,
substrate.

Interrante et al. [30] deposited crystalline AiN on Si

and Si0O, substrates in the temperature range of 400 to 800°C
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from an organometallic reagent, [(CH,),A1NH,],. The AIlN
coatings were generally transparent, smooth, and highly
adherent. The A1/N atomic ratio was determined to be 1.0 by
Auger spectroscopy. AlN grains were about 50 nm to 100 nm in
size as determined by SEM and TEM. The TEM studies also
showed that the AlN grains grew in a columnar fashion.

Chubachi et al. [31] demonstrated that AIN(002) could be
grown on Si(111) and Si(001) surfaces from the Al(CH,),~-NH,-H,
reagent system as evidenced by XRD and RHEED (reflection high
energy electron diffraction). Only the (002) peak was
observed from the XRD spectra of the AlN coatings. They also
performed X-ray rocking-curve analyses to determine the effect
of the coating thickness on internal stress. The stress
increased with an increase in coating thickness. Morita et
al. [26] also used Al(CH,), and NH, to deposit AlN on Al,0,.
They observed the growth of AIN fibers of 50 to 100 nm in
diameter at about 1100°C. only the (002) AlN peak was
observed from XRD spectra of the AlN fibers.

Suzuki and Tanji [32] showed that the crystallinity of
AlN was strongly affected by temperature and pressure.
Polycrystalline AlN was deposited on graphite from the AlCl,-
NH,-N, mixture using a vertical hot-wall reactor. 1Increasing
temperature from 700 to 1400°C resulted in a more ordered
polycrystalline AlN morphology as indicated by XRD and SEM.
Powder was deposited below 600°C or when pressure was high

(above 1 torr) at 600°C. Between 600 and 900°C, the AIN

23




coating contained cracked layers. Above 1000°C, a highly
layered morphology was obtained. Decreasing pressure produced
the same trend, but the effect of pressure was less
significant than that of temperature.

Based on the findings from the above studies, it appeared
that various AlN morphologies could be obtained depending on
process conditions. Preferred orientation of the (002) plane
was commonly observed at high deposition temperatures. Also,
in many instances, AlN grains grew in a columnar or fibrous
fashion. However, the relationship between the microstructure
and processing parameters was not clearly identified in the
above studies. Also, difficulties existed in comparing the
AIN-CVD literature since different reagent systems were
frequently used.

Ki . T} 3 .

The A1N-CVD process is much less-understood in comparison
to BN-CVD. As the present review will reveal, the major
cause of the limited understanding on the AlN deposition is
the inconsistency and complexity of reported experimental
data. The inconsistent data can be attributed to several
reasons. First, many investigators performed deposition
experiments under conditions in which undesired homogeneous
nucleation was observed. In the presence of homogeneous
nucleation, an accurate surface kinetic analysis is
practically impossible. Second, even for experiments in which

homogenous nucleation was not observed, several studies
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reported that the heterogeneous deposition rate decreased with
increasing temperature or pressure, which could not be readily
explained by simple kinetic or mass-transfer considerations.

The reason for the decrease in the deposition rate in the
absence of homogeneous nucleation has not been addressed in
the AIN-CVD literature. In Chapter V, an attempt will be made
to explain this complex deposition behavior based on our
experimental findings and thermodynamic calculations. It is
briefly explained here that the deposition of AlN is not
thermodynamically favored at high temperatures since AlCl,
(x=1,2,3) becomes stable in the gas phase. Therefore, the
stability of the AlCl, gas species with increasing temperature
causes a decrease in the overall AlN deposition rate.

Another interesting feature of AlN deposition is that the
Arrhenius relationship between deposition rate and temperature
with a sufficient activation energy (about 30 to 50 kcal/mole)
for a kinetically-controlled process has never been observed
for AIN-CVD even at relatively low temperatures (about 300 to
600°C). This behavior indicates that the CVD of AlN is a
mass-transfer limited process (i.e., surface kinetic steps are
fast). Suzuki and Tanji [32] actually demonstrated that the
AIN-CVD was indeed a diffusion-limited process at typical
processing conditions.

Suzuki and Tanji deposited AIN on graphite from the
AlCl,-NH,-N, reagent system in the temperature range of 600 to

1400°C at low pressures (2 to 50 torr) using a vertical hot-
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wall reactor. The graphite substrate disc was placed at the
center of the vertical reactor. However, it was not clear
from their description as to whether or not the reagent gas
stream impinged on the flat surfaces of the disc. They
observed that deposition rate slowly reached a maximum level
from 120 to 200 um/hr with increasing temperature from 600 to
1000°C. The deposition rate gradually decreased to 100 um/hr
as temperature was further increased to 1400°C. It was also
observed that the deposition rate reached a maximum at
pressure of about 10 torr. The deposition rate increased
linearly with increasing AlCl, partial pressure. However, the
deposition rate remained constant with increasing NH,/AlCl,
mole ratio. Based on their findings, they concluded that the
rate limiting step was the diffusion of AlCl, to the substrate
surface.

Similar behavior has' been observed by other
investigators. Pauleau et al. [33-35] reported that the AlN
deposition rate from AlCl,-NH,~H, mixtures reached a maximum at
about 650°C. They proposed that the decrease in the
deposition rate above 650°C was due to the formation of AlN
particles in the gas phase. Arnold et al. [36] observed a
decrease in the deposition rate above 1000°C. Kelm [28]
reported that the AlN deposition rate from AlCl,*NH, decreased
with increasing temperature from 800 to 1000°C. However,
Morita et al. [26] reported that the AlIN deposition rate from

the Al(CH,),-NH, system remained at a constant value with
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increasing temperature from about 1060 to 1200°C. However,
the deposition rate increased linearly with increasing Al(CH,),
concentration.

Pauleau et al. {33,34] performed thermodynamic analyses
of the Al1Cl,-NH,~H, system. Their calculations predicted that
100% conversion from AlCl, to AlN was thermodynamically
feasible as long as the AlCl, partial pressure was less than
0.76 torr at 927°C and 0.0076 torr at 1127°C. Above these
partial pressures, the AlN yield decreased as AlCl, became
thermodymically more stable. As the results indicated, ﬁhe
stability of AlCl, increased with increasing temperature. For
the above calculations, an NH,/AlCl, ratio of 1.0 was assumed.

Thermodynamic results similar to those of Pauleau et al.
were later reported [37,38]. Hyun and Kim {37] predicted that
the AIN yield would decrease at temperatures above 1000°C as
the stability of AlCl, in the gas phase increased.
Furthermore, Sarin [38] showed that AlN was the only solid
phase predicted by the thermodynamic calculations when oxygen
contents in the AlCl,-NH,-H,-CO,-H,0 reagent system were less
than about 5%. If the oxygen content was higher than 5%, the
formation of Al,ON, (i.e., pseudo-binary solid solution of AlN
and Al,0,) was predicted.

In order to obtain a dense and uniform coating, it is a
common practice to avoid processing conditions which would
lead to particle formation in the gas phase (i.e., homogeneous

nucleation). However, in several studies [37,39,40], AIlN
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particles were deliberately synthesized in the gas phase in
order to prepare high purity AlN powder for subsequent hot
pressing applications. (Note: A1IN powder is commercially
produced by either direct nitridation of aluminum or carbon
reduction of aluminum oxide.) Kimura et al. [39] reported
that AlN in the form of powder could be prepared from the
AlCl,-NH,-H, reactant mixture using a hot-wall horizontal tube
furnace at 1 atm in the temperature range of 720 to 1190°C.
They mentioned that most of the AlIN powder with spherical
shape was collected within about 17 cm from the AlCl, inlet
position whereas the total length of the reaction zone was 30
cm. An AlCl, partial pressure of 58 torr was typically used
for the AlN powder synthesis. The average particle size
decreased from about 1.5 to 0.2 um on increasing the
temperature from 720 to 1190°C. The particle size ranged from
0.3 to 30 'um at 720°C and from 0.1 to 3 um at 1190°C.
However, at 1190°C, most of the AlN particles were in the
narrow range of 0.1 to 0.3 um. They explained that increasing
temperature caused a "run-away" nucleation (i.e., generation
of numerous stable nuclei) which resulted in a smaller
particle size and an increase in the particle number
concentration. Also, an increase in the total flow rate by
a factor of 2.5 decreased the average particle size by 30%.
The reduction in the particle size was attributed to a
decrease in AlCl, partial pressure as the total flow rate

increased.
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Hyun and Kim {[37] also observed the formation of AlN
particles via homogenous nucleation from the AlCl,-NH,-H,
reagent system at 1 atm in the temperature range of 650 to
880°C. Their XRD studies indicated that the powder contained
both AlN and NHCl. Also, it was determined that the AlN
phase was preferentially oriented to the (002) plane. Below
650°C, the powder containing AIN was not generated. The
NH,/Al1Cl, ratio was about 1000. An AlCl, partial pressure of
about 1 torr was typically used. The average particle size
was about 0.09 to 0.12 um depending.éh the AlCl, partial
pressure. However, the particle size was not strongly
influenced by temperature. The smaller particle size observed
by Hyun and Kim in comparison to that by Kimura et al. [39]
was probably due to the lower AlCl, concentration (1 torr
versus 58 torr) used in the work of Hyun and Kim. Kim and Lee
[40] reported that ALN whiskers were obtained at temperatures
above 1000°C whereas spherical AlN particles were formed in
the temperature range of 600 to 1000°C. They also observed
the presence of NH,Cl in the AlN powder from their XRD
studies.

Komiyama et al. [41] utilized the formation of AlN
particles in the gas phase to increase deposition rate by
creating a thermophoretic motion of the particles from the gas
phase to the substrate. Thermophoresis refers to a Brownian
motion of fine particles from a hot region to a cold region.

Their reactor was specially designed so that temperature at
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the substrate surface could be lower than in the gas phase.
(Note: For most CVD reactors, temperature at the substrate
position is usually higher than that of the gas phase). Using
the reactor, they could prepare thick AlN films which appeared
to be fairly dense under SEM. They proposed that the
densification was possible because a part of the AlN films was
deposited heterogeneously at the substrate surface while the
thermophoresis of the AlN particles was taking place. The
AlN coatings were preferentially oriented to the (002) plane

as determined by XRD.

. y p) . ic c {

Several reasons exist for the current high interest in
ceramic composites. First, the brittleness of traditional
ceramics can be reduced (i.e., an increase in fracture
toughness). The improved toughness and strength of zirconia-
toughened alumina and transformation-toughened zirconia are
outstanding examples of composites prepared by powder blending
techniques such as sintering and hot pressing [2]. Second,
tribological ©properties such as friction coefficient,
hardness, resistance to wear and erosion, etc., can probably
be enhanced by combining a soft lubricating phase with a hard
phase. Also, other thermal, electrical, and optical
properties can be favorably tailored by selection of the

proper composite system.
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Chemical vapor deposition is a unique way of preparing
ceramic composites as discussed earlier in Chapter 1I.
Coatings containing multiple chemical and/or crystalline
phases can be prepared by codeposition or alternate-
deposition. Prior success in preparing the composite coatings
by codeposition has been recently reviewed in detail by Lackey
et al. [2] and Hirai and Goto [3-5]. The present review will
mainly focus on codeposition of the composite coatings
containing either BN or AlN.

Hirai and coworkéfs [4,5] codeposited Si,N, and BN from
the SiCl1,-NH,-H,-B,H, reagent mixture at temperatures of 1100 to
1300°C and pressures of 30 to 70 torr. A vertical cold-wall
reactor was used. They observed that turbostratic BN was
detected by XRD only when the boron content of the composites
was greater than 33 weight percent as indicated by the
appearance of broad (002) and (10x; x=0,1) peaks shown in
Figure 2-4. The Si,N, phase in the composite structure was
amorphous. However, in the absence of B,H, (i.e, single phase
Si,N,-CVD), polycrystalline a-Si,N, was deposited at the same
temperature.

At 1100°C, the boron content of the composites increased
with increasing B,H, flow rate in an excess amount of NH, and
SiCl, and with decreasing total pressure as determined by
electron microprobe. However, above 1100°C, these trends were
not consistently observed. At 1200 and 1300°C, the boron

content increased with increasing B,H, concentration only when
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Figure 2-4.
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the pressure was below 50 torr. The density of the composite
linearly decreased with an increase in BN content. The color
of the composites changed from white to yellow to brown to
black with increasing B,H, concentration. Thermodynamic
analysis of the CVD of Si,N,+BN performed by Besmann [42]
suggested that the codeposition of Si,N+BN was favored over
a wide range of reactant concentrations, pressures, and
temperatures below 1100°C. However, a comparative analysis
between the thermodynamic calculations performed by Besmann
and the experimental data obtained by Hirai et al. has not
been made.

Composite coatings containing AlN and Si,N, were prepared
from the SiH,-A1Cl,-NH, mixture in the temperature range of 600
to 1100°C by Zirensky and Irene [43]. A long horizontal hot-
wall reactor was used to prepare the composites. The AlN
phase was usually polycrystalline and the Si,N, phase was
amorphous. The AlN grains became smaller in size with
decreasing AlN content as detected by TEM. The AlN grain size
increased from 25 to 50 nm when temperature was increased from
650 to 1075°C. It was observed that the ALN content of the
composites increased with increasing AlCl, partial pressure in
a somewhat linear fashion. They also performed codeposition
of AlN and Al,0, from the AlCl,-NH,~H,-CO,-H,0 reagent system
[44,45]. Dispersed phase composites containing distinct AlN
and Al,0, phases were not deposited, instead the formation of

Al,O0,N, was observed.
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Willkens [46] studied codeposition of Si,N, and AlN from

CH,SiCl, (MTS) and AlCl,*NH, (ACN) at 1000 °C. AlN and Si,N,
were deposited as separate polycrystalline phases as indicated
by XRD when the MTS/ACN ratio was less than 1. The size of
AlN grains increased with increasing AlIN content. Between
MTS/ACN ratios of 1 and 10, only amorphous Si,N, was deposited.
Above the ratio of 10, B-SiC and Si were codeposited.

Other composite systems containing Si,N, such as Si)N+C
and Si,N+TiN have also been prepared. The electrical
conductivity of the Si,N+C compositeg increased drastically
by adding only 0.2 wt% carbon [{5]. The Si,N-TiN composites
contained small TiN fibers of about 10 nm in length and 3 nm
in diameter, which were dispersed in the polycrystalline a-
Si,N, matrix as determined by high resolution TEM {47]. The
thermal conductivity of the Si,N,+TiN composites decreased with
increasing TiN content.

Carbon+SiC composites prepared by codeposition have been
commercially used for heart valves [2]. The C+SiC system has
been extensively studied in comparison to other composite
systems. Structurally, the composites contain SiC particles
of 10 to 100 nm in size, which are dispersed in the carbon
matrix consisting of numerous carbon grains of about 3 to 5
nm. Blocher [48)] was the first investigator to show that the
incorporation of SiC into a carbon matrix by CVD increased

strength. Also, it was reported by others [49,50] that

flexural strength, hardness, and Young’s Modulus increased
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with an increase in SiC content. The thermal expansion
coefficient was found to depend on the carbon matrix density
and the SiC content.

Alkins and Bokros [50] reported that the microstructure
of the C+SiC composites was strongly affected by temperature
and C,H, concentration. For example, the grain size of carbon
increased from 3 nm to 5 nm with increasing temperature from
1200 to 1350°C. The carbon grain size also increased with an
increase in C,H, concentration. The grain size of SicC
increased with increasing SiC content [49]). The SiC content
in the composites was primarily determined by the SiH,
concentration, but was not strongly influenced by temperature.
Increasing the SiC content from 0 to 48 wt% decreased the
density of the carbon matrix from 2.0 to 1.65 g/cm’ [49].

Stinton and Lackey [51,52] codeposited SiC and TiSi, from
CH,SiCl1l,-TiCl,-H, mixtures. Between 1400 and 1495°C, TiSi,
grains were dispersed in the SiC matrix. However, only SicC
was deposited in the temperature range of 1250 to 1325°C.
Some coatings were deposited on graphite substrates which were
suspended in a fluidized-bed containing carbon particles.
Equiaxed TiSi, grains were observed when the fluidized-bed
reactor arrangement was used. Otherwise, columnar and larger
TiSi, grains were observed. The TiSi, grain size increased
with increasing TicCl, flow rate. Increasing H, concentration

produced more uniformly dispersed and denser coatings, which
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resulted in bhigher fracture toughness. The toughness of the
SiC+TiSi, composites was about twice that of SicC.

Nickl et al. [53,54] investigated the deposition behavior
of the Ti-Si-C and Ti-Ge-C systems using TiCl,, SicCl,, ccCl,,
and H, as reagents. More than a dozen possible two- and
three-phase assemblages such as SiC+TicC, SiC+TiC+C,
Ti,8iC,+TiSi,, etc., could be deposited depending on processing
conditions. The effects of temperature and reagent
concentrations on the composites’ microstructure were mainly
studied. In general, the grain size increased with increasing
temperature and hydrogen concentration.

Ceramic composites containing both BN and Al1N phases (5
to 30% BN) were prepared by hot pressing of BN and AlN powders
[55]. BN remained as a discrete phase and platy particles
were oriented perpendicular to the pressing direction
suggesting the preferred orientation of BN. This was
supported by the appearance of a more intense (002) peak than
expected from that of isotropic BN. The effects of sintering
aids (e.g., CaC, and Y,0,) on various physical properties
(e.g., flexural strength, thermal expansion coefficient, etc.)
were the focus of this study.

As shown by the above review, most investigations so far
have been phenomenological in relating processing conditions
to CVD-composite’s microstructure and properties. Detailed
kinetic/mass transfer analyses have not been performed on any

of the composite systems reported in the literature. As the
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kinetic and mass transfer characteristics of the codeposition
processes are not identified, it has been almost impossible
to predict the exact composition of the composites and

therefore the composites’ microstructure and properties.

rhe ical ¢ id i
As schematically illustrated in Figure 2-5, a CVD process
consists of various kinetic, mass transfer, and nucleation and
growth steps, which may take place in series or parallel with
respect to each other. For example, the heterogeneous
deposition process occurs as a result of the following steps:
(1) introduction of reactants in the vicinity of
the deposition surface from the reactor inlet
by means of convective mass transfer;
(2) generation of intermediate species and/or products
by homogeneous reactions during steps (1) and (3):
(3) diffusion of reactants and intermediate
species, generated by homogenous reactions, to
the deposition surface through a concentration
boundary layer:;
(4) adsorption of reactants and intermediate
species on the deposition surface;
(5) surface reactions between adsorbed species and
desorption of volatile products;
(6) nucleation and growth of non-volatile products

which result in film deposition; and
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(7) diffusion of volatile products from the
deposition surface to the main gas stream and
subsequent mass transfer to the reactor exit.

These steps need to be integrated to develop a comprehensive
model of the heterogeneous process. The slowest step(s) of
the above seven steps determines the overall deposition rate.
Furthermore, undasired homogenous nucleation may occur in the
gas phase in parallel to the heterogenous steps, which would
make the modeling process almost intractable.

Conceptually, the role of each kinetic and mass transfer
step on the overall deposition behavior can be simply
illustrated by <considering an equivalent electrical-
resistance circuit. 1In this analogy, each CVD process step,
shown in Figure 2-5, can be thought of as a resistor. If one
of the steps is relatively fast in comparison to the others,
the resistance of that particular step is small. (Note: The
direct analogy between the CVD model and the electrical
resistance circuit is not appropriate in a quantitative sense
since the electrical circuit describes the motion of only
single species, electrons, whereas the CVD model has to deal
with the generation, consumption, and movement of many
chemical species.) For example, powder formation will
dominate over film deposition if the homogenous reactions and
nucleation steps are faster than the diffusion and surface
kinetic steps. This is equivalent to viewing the resistance

of the homogeneous reaction and nucleation steps to be much
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smaller than that of the diffusion and surface kinetic steps.
In other words, the system moves toward a thermodynamic
equilibrium via the homogeneous path. On the other hand,
when homogeneous nucleation is not occurring or is very slow,
the resistance of the nucleation step is said to be
infinitely large so the nucleation step can be ignored during
the CVD modeling process. Also, if all the kinetic steps are
very fast (no kinetic resistances), the CVD process will take
place near or at a thermodynamic equilibrium state. For this
highly ideal case, a model which links thermodynamics and
transport phenomena is sufficient to portray the CVD process.
Thermodynamics

Chemical equilibrium calculations are of great value
since the thermodynamic feasibility of depositing desired
solid phases can be determined prior to performing any costly
experiments. Multi-phase chemical equilibria can be readily
calculated by finding specific compositions of all possible
chemical species in the gas, liquid, and solid phases, which
would yield the lowest total Gibbs free energy of the system
[56-59]. The calculations are equivalent to assuming a
closed system with an infinite amount of reaction time.
Furthermore, the thermodynamic results can be combined with
diffusion characteristics of major gas species to determine
"thermodynamic-mass transfer limits" [60]. The
"thermodynamic-mass transfer 1limits" are the maximum

heterogeneous deposition rates that can be obtained as long
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as homogenous nucleation is not occurring. It should be
cautioned that, while the calculations are helpful in
avoiding unfavorable reaction conditions, they do not address
the kinetic feasibility of depositing the desired phases.

Twait ([61] recently reviewed previous thermodynamic
investigations on various CVD systems. For some CVD systems
such as V-Si-H-Cl [62], Si-C-Cl-H [63], Si-N-Cl-H [64], and
B-Cl-H-N [65], good qualitative agreements between the
thermodynamic predictions and experimental results (in terms
of comparing the predicted and deposited solid phases) have
been reported. However, tle thermodynamic calculations and
experimental results did not agree in other CVD systems
(e.g., Si-C-H-Cl [66], Ta-C-Cl-H [67]). The survey by Twait
indicated that the disagreement was probably caused by the
following reasons: (1) kinetic 1limitations; (2)
uncertainties in thermochemical data; and/or (3f omission of
any possible stable intermediate or product species in the
calculations, which will lead to erroneous predictions.

The thermodynamic feasibility of the BN+AlN-CVD system
has been studied by Twait et al. [61,68]. Figure 2-6 shows
a deposition diagram obtained from the thermodynamic
calculations. The diagram shows solid phases which would be
stable (i.e., deposited) at equilibrium as a function of
reagent concentrations (i.e., AlCl,, BCl,, and NH,) at 927°C
and 20.2 kPa. The region of importance in the diagram is the

two phase region identified as BN+AlN, located near the right
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side of the composition triangle. Codeposition of BN and AlN
is predicted within this region. To the left of the two
phase region is a large region where the only predicted solid
is BN. Single phase AlN is predicted to deposit for reagent
compositions falling along the AlCl,-NH, line. At low NH,
concentrations codeposition of BN and AlB,, is expected. At
the two corners of the diagram representing 100 mole% AlCl,
and 100 mole% NH,, no solid phase is predicted to form. When
the BCl, concentrations are high (e.g., above 85 mole%),
various combinations of B, BN and/or AlB,, are predicted.
Furthermore, additional diagrams were constructed by
Twait in order to evaluate the influence of temperature,
pressure, and hydrogen concentrations on the codeposition
process. In summary, it was found that: (1) increasing
temperature from 923 to 1423°C significantly reduced the size
of the BN+AlN phase region, (é) the addition of H, slightly
increased the area of the BN+AlN region and caused the
disappearance of the AlB,, phase, and (3) altering pressure
did not have much effect on the deposition behavior at lower
temperatures. Therefore, the thermodynamic studies suggested
that the BN+AlN composite may be prepared over a fairly wide
range of temperatures and reagent concentrations resulting in
a BN content ranging from 0 to 100%. The thermodynamic
predictions will be compared to experimental results obtained
from the present investigation in Chapter V after kinetic

characteristics of the BN+AlN-CVD system are identified.
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A CVD model, which predicts deposition rate from a given
set of ©processing conditions, can be obtained by
simultaneously solving momentum, energy, and mass (species)
balances as well as kinetic rate expressions.
Mathematically, this means that a set of coupled-partial (or
ordinary) differential equations is required to describe a
CVD process. Kinetics of the process is incorporated into
the model as depletion terms in the specie balances for
homogeneous reactions and as boundary conditions of the
species balances for heterogeneous reactions. The general
forms of these equations have been previously derived
[69,70]. Therefore, thc objective of this section is not to
iterate these equations, but to introduce only those
theoretical concepts which are pertinent to the experimental
and modeling aspects of the present study.

Because the experimental capability of obtaining
reliable kinetic data has been available during the course of
the present investigation, one of the goals of our modeling
approach has been to reduce the mathematical complexity to a
level where the influence of processing conditions on
deposition rate can be readily understood or quantified
without having to perform a rigorous fitting of Kkinetic
parameters. This philosophical approach can be best
illustrated by considering the following example. To date,

two "sophisticated"™ mathematical CVD models have been
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developed. Rebenne and Pollard [60] have solved momentum,
energy, and mass balances using a finite difference method to
describe experimental results obtained by Vandenbulcke
[71,72])] on CVD of boron carbide in an impinging jet reactor.
Roenigk and Jensen [73,74] have developed a two-dimensional
model for low pressure chemical vapor deposition (LPCVD) of
silicon and silicon nitride in a commercial scale "hot-wall
multiple-wafers-in-tube" reactor using an orthogonal
collocation method. The model by Roenigk and Jensen predicts
the effects of operating conditions on deposition rate at
various substrate and reactor positions. However, in both
studies, the "true" physicochemical representation of the CVD
processes by the models was questionable since Rebenne and
Pollard had 24 adjustable kinetic parameters and Roenigk and
Jensen used 12 adjustable kinetic parameters for the Si,N,-
LPCVD systeﬁ without having much of the necessary kinetic
data. This type of kinetic investigation involving model
discrimination and parameter estimation usually requires the
accompaniment of extensive experimental work and statistical
testing [75].

In the case of the silicon deposition, however,
"educated guesses" in estimating kinetic parameters were
possible because reaction mechanisms of the Si-CVD system
were re.ativeiy well-understood through numerous experimental
studies f::formed on this comparatively simple system.

Therefore, it is obvious that the "sophisticated"
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mathematical approach is suitable for simple and well-under-
stood CVD processes. However, this approach loses its merit
for complex systems as the true physicochemical nature of the
processes may be lost during the empirical fitting process of
numerous kinetic parameters unless a significant amount of
kinetic data is available.

In comparison to the above mentioned CVD systems,
codeposition processes (e.g., BN+AIN-CVD) are much more
complex because more chemical species and phases are
involved. However, the major difficulty in understanding or
modeling the CVD of BN+AlN is due to the fact that the
codeposition process has never been studied previously. 1In
addition, as reviewed in the earlier sections, intrinsic
kinetic mechanisms of the individual BN-CVD and A1lN-CVD
processes have not even been identified. Therefore, in order
to accomplish the objectives of the present study, it should
be the first priority to obtain intrinsic kinetic data of the
BN-, AlIN-, and BN+AlN-CVD systemns. The kinetic analyses
should be done in a simple and well-understood reactor
geometry to minimize other complications such as non-uniform
flow patterns and mass transfer. Then, the kinetic data can
be interpreted by a realistic kinetic/diffusion model. The
formulation of such a model is presented in Chapter 1IV.

An impinging jet geometry is chosen for the present
investigation since its hydrodynamics is well-understood [76-

78]. The geometry has been recognized as an ideal reactor
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design for obtaining accurate kinetic data [69,79]. The
reactant gas mixture (i.e., jet) flows perpendicular to the
substrate and then flows away radially. The vicinity of the
substrate surface where mass transfer is independent of the
radial position is called the stagnation region. In this
region, it is determined experimentally, as well as
theoretically, that one-dimensional analysis (i.e., function
of 2 9only) 1is adequate to explain deposition data
(60,71,72,79-82]. Inside the stagnation region, a thin
momentum boundary layer with a constant thickness exists near
the substrate surface along the radial direction. A more
detailed description of the geometry is given in Chapter 1IV.

After the intrinsic kinetic data of the BN-~, AlN-and
BN+A1lN-CVD processes are obtained, the processes can then be
scaled-up. For example, as mentioned earlier, Roenigk and
Jensen were able to model the Si-CVD process in the
commercial reactor scale because the needed intrinsic kinetic
data were available in the literature. Claassen et al. [83]
developed a relatively simple kinetic expression for the rate
of deposition of Si, J,, from SiH,:

KPgine

Jgy = (2-1)
1 + K,P,, + K,Pyy,,

where P,, and P,,, are the partial pressures of H, and SiH,,
respectively, at the substrate surface, k 1is the rate

constant and K, and K, are the equilibrium constants. This
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expression corresponds to a kinetic mechanism of: (1)
adsorption/desorption equilibria of silane and hydrogen, (2)
no homogeneous reaction, and (3) rate-controlling surface
reaction (i.e., surface decomposition of silane). As
mentioned previously, the CVD of Si is a much simpler and
better-understood process than that of BN and AIN. However,
even for this relatively simple process, a kinetic mechanism
containing up to 20 intermediate reaction steps has been
proposed [84].

It is again noted that the main purpose of the present
study is to understand the influences of processing variables
on the microstructure of the BN+AlN composites. Therefore,
in the present investigation, the intrinsic kinetic data of
the BN, AlN, and BN+AlN-CVD systems will be utilized in
studying the nucleation and growth behavior of the BN+AlN
composite coatings in comparison to that of BN and AlN as
single phase coatings. Nevertheless, the kinetic data should
provide a strong basis for any future scale-up work of the
BN-, Al1lN-, and BN+AlN-CVD systems.
Nucleation and Crystal Growth

There are two different types of nucleation and growth
phenomena commonly observed in CVD processes: heterogeneous
and homogeneous. The heterogenous path is always desired for
obtaining a good quality coating whereas even a very small
amount of homogeneous nucleaticn 1is detrimental to the

coating quality. 1In this section, homogeneous nucleation and
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growth in CVD environments are first discussed. A brief
introduction to the classical nucleation and growth theory,
which 1is necessary in understanding both homogeneous and
heterogeneous nucleation and growth mechanisms, is included.
Second, the current understanding on heterogeneous nucleation

and growth of CVD coatings is summarized.

Homogeneous Nucleation. As shown in Figure 2-5 (p. 38),
homogenous nucleation and growth steps (i.e., particle

formation in the gas phase) proceed in parallel with the
heterogeneous deposition path. In every CVD operation,
homogeneous nucleation is undesirable since some of the
particles formed in the gas phase can become a part of the
coating structure. The incorporation of the particles in the
coating structure generally lowers film gquality (e.g., poor
adherence, low strength and hardness, powdery, low density,
etc.). Therefore, processing conditions which will lead to
homogeneous nucleation are to be avoided.

The suppression of undesired homogeneous nucleation can
be rather easily achieved by keeping temperature and reagent
concentrations low enough so that stable nuclei of non-
volatile product mulecules (i.e., condensible vapor) cannot
be formed in the gas phase (i.e., classical nucleation
theory). However, even at these conditions, the non-volatile
product molecules formed on the surface via surface
reaction(s) will still be able to nucleate and grow

heterogeneously. Several reasons for the apparent difference
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between the homogeneous and heterogenous nucleation
mechanisms during the came CVD operation will be explained in
the next few paragraphs in the context of classical
nucleation and growth theory.

According to the classical nucleation theory, in order
for a nuclei to grow, an increase in surface free energy
should be overcome by a decrease in volume free energy, as
non-volatile vapor will condense [85-87]. In the case of

spherical nuclei, the governing equation is:

3

3nr
AG = 4mrip +

RT 1n(C/C,,) (2-2)
4v,
where AG 1is the total energy of a nucleating sphere
(particle), r is the nuclei radius, ¢ is the specific surface
free energy, and V, is the molar volume of the condensed
phase. For a particle nucleating in the gas phase of a CVD
process, C is defined as the actual concentration of the non-
volatile product(s) generated in the gas phase and C,, is the
equilibrium concentration of the product(s) in the gas phase.
Obviously the C/C,, ratio, which is commonly referred to as
the supersaturation ratio, 1is fairly 1large in most CVD
systems. The critical nuclei size, r', can be obtained by
differentiating Eq. 2-2 and setting it equal to zero.
20V,

r = (2-3)
RT 1n(C/C.)
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If nuclei have a chance of becoming larger than r*, then the
nuclei will grow. Otherwise, the nuclei will decay.

It 1is more difficult to describe heterogeneous
nucleation in a guantitative manner. 1In this review, only
heterogeneous nucleation at a gas-solid interface will be
discussed. In general, it is recognized that AG is lowered
due to an additional interaction at the interface of a
condensed phase (i.e., nuclei) and substrate surface [86].
In other words, the high-energy surface between the gas phase
and the condensed nuclei is partially replaced by the low-
energy surface between the condensed nuclei and the substrate
surface. (Note: For nucleation of a 1liquid on a solid
surface, the concept of "wetting angle"™ is used to account
for the degree of the interface interaction.) Therefore, the
critical size for heterogeneous nucleation is smaller than
for homogenous nucleation. This allows for the possibility
in which heterogeneous nucleation will take place, but
homogeneous nucleation will not occur even at the same
supersaturation conditions.

Also, there is another reason as to why heterogeneous
nucleation occurs in typical CVD operating environments,
under which homogeneous nucleation is not observed. As can
be seen from Eg. 2-3, the critical size is influenced by the
supersaturation term, C/C,. As defined earlier, C is the

actual concentration of non-volatile CVD product(s). The
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concentration of the product is directly related to the rate
of reaction(s), which generate the product. 1In typical CVD
conditions, the rate of surface reactions is faster than that
of gas phase reactions resulting in a higher 1local
supersaturation ratio at the surface than in the gas phase.
An alternate view on the heterogenous nucleation and growth
behavior of CVD coatings is that the non-volatile products
generated on the substrate surface do not evaporate into the
gas phase because of the high supersaturation ratio.
Therefore, all of the non-volatile molecules produced at the
surface will nucleate and grow. Due to this reasoning, the
deposition of CVD films via heterogeneous nucleation and
growth can occur without forming particles in the gas phase.
The reason for the higher rate of the surface reactions in
comparison to that of the gas phase reactions is simply
because of the fact that the activation energy is usually
lower for the surface reactions than fcr the gas phase
reactions.

The abhove paragraphs described the qualitative features
of homogeneous and heterogenous nucleation based on
classical nucleation theory. The remainder of this section
will summarize previous experimental investigations on
homogeneous nucleation behavior wunder CVD or CVD-like
environments. Since homogenous nucleation is not desired in
most CVD processes, the general approach in the CVD research

community has been to "run away" from conditions which would
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result in homogenous nucleation. Therefore, the topic of
homogeneous nucleation in CVD processes has not received much
attention. The author’s literature search indicates that the
production of Si by the pyrolysis of SiH, is the only CVD
process in which nucleation behavior in the gas phase has
been systematically studied [88-90].

Flagan and his co-workers ([88,89] have studied the
homogeneous nucleation and growth characteristics of Si in an
experimental aerosol system consisting of two or three
reactors in series. First, one or two "seed" reactors were
used to generate Si seed particles by the pyrolysis of SiH,
diluted with N, (i.e, 1% SiH,) at 823°C. The seed particles
were introduced into a "primary reactor" with an additional
gas stream containing SiH, and N,. The growth behavior of the
seed particles in the primary reactor was observed as a
function of SiH, concentration at temperatures below about
723°C. Particle size and count were measured after each
reactor stage.

When the SiH, concentration was below 3% in the primary
reactor, the particles steadily grew in size without creating
any particles'(i.e, no homogeneous nucleation). In this
case, it was explained that the growth of the seed particles
resulted from diffusion of Si vapor produced by gas phase
reactions to the particle surface and subsequent condensation
of the vapor (i.e., "scavenging" of the vapor products by the

seed particles). However, when the SiH, concentration reached
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about 3%, the particle count increased by four orders of
magnitude as can be seen in Figure 2-7, in which the number
concentration of particles having a diameter of 0.7 pum is
plotted. The sudden increase in the particle number (i.e.,
called "catastrophic" or "run away" nucleation) was due to
homogeneous nucleation indicating that the critical
supersaturation ratio for the Si vapor was reached in the gas
phase at the SiH, concentration of 3%. A further increase in
the SiH, concentration did not appreciably increase the
particle count, as the coagulation of the fine particles
produced by homogenecus nucleation was suspected for SiH,
concentrations above 3.5%. The Si particles usually appeared
as an assemblage of small fine spheres in SEM micrographs.

As described above, homogeneous nucleation in the CVD
environment appears to follow the classical nucleation
theory. Therefore, as long as processing conditions which
yield the "catastrophic" or "run away" nucleation can be
avoided, the homogeneous nucleation and growth steps shown in
Figure 2-5 can be disregarded (i.e., "infinite resistance" in
the equivalent circuit analogy). For a given process, the
first step in obtaining intrinsic kinetic data or developing
a quantitative model is to identify the processing conditions
that do not result in homogeneous n ' leation.

Heterogeneous Nucleation. The previous section on
transport phenomena and kinetics was mainly concerned with

predicting the rate of deposition from processing parameters.
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During the discussion, it was assumed that the heterogenous
nucleation and growth steps were relatively fast. This is a
valid assumption for most CVD processing conditions since the
vapor pressure of solid product(s) formed heterogeneously on
the deposition surface is usually very small (i.e., high
supersaturation in the context of the classical nucleation
theory). In other words, the products will not evaporate
into the gas phase so the deposition rate is strictly
determined by the mass transfer and/or surface kinetic steps.
In terms of the equivalent electrical circuit analogy (see
Figure 2-5), the resistance of the nucleation and growth
steps is said to be small. However, at high temperatures
near the deposit’s melting (or sublimation) point, the
nucleation and growth steps can be the rate-limiting steps as
the vapor pressure of the product increases very rapidly with
increasing temperature. In most CVD processes, this
situation is not frequently encountered since the operating
temperature is far Dbelow the deposit’s melting (or
sublimation) point.

The classical nucleation and growth concepts are usually
good for explaining bulk phenomena (e.g., shape of nodules,
surface morphology, etc.). However, in order to understand
the crystallinity and microstructure of the deposit as a
function of processing parameters, nucleation of molecules or
atoms generated by surface reactions and their subsequent

growth should be treated in a statistical-mechanical manner
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[91-95]. The relationship between the <classical and
statistical-mechanical nucleation and growth theories is
analogous to that between the classical Newton’s laws and
guantum mechanics. The statistical-mechanical approach is
useful in portraying the nucleation and growth processes
which occur at the atomic scale, just as quantum mechanics is
most valuable in describing the motion of atomic or sub-
atomic particles where Newton’s laws fail. The nucleation
behavior of simple deposition systems such as sputter
deposition of Au and CVD of Si has been examined using this
statistical-mechanical approach in a somewhat quantitative
manner [92]. In general, however, such quantitative
treatment is a formidable task for most CVD systems due to
their complexity and the experimental difficulties in
verifying proposed nucleation mechanisms.

In practice, three major types of heterogeneous
nucleation <can be qualitatively described wusing the
statistical-mechanical approach [93-95]. First, amorphous
growth is usually obtained when non-volatile adatoms are
formed at a relatively high rate (i.e., high growth rate) and
the surface diffusion of these adatoms is slow (i.e., low
deposition temperature). This is because "a newly created
adatom impinges on a specific site before the previously
formed adatoms have made a sufficient number of diffusional
jumps to reach energetically more favorable

crystallographical sites [95]." When the mobility of the
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adatoms becomes sufficiently high as temperature increases,
formation of a polycrystalline structure results.
Furthermore, when temperature is increased to a point where
the process becomes diffusion-limited (i.e., surface kinetics
is fast), epitaxial and/or single crystal growth takes place.
This occurs because the mobility of the adatoms increases
exponentially with temperature whereas the increase in the
growth rate becomes a weak function of temperature in the
diffusion-limited region.

Therefore, to a large extent, the same factors (e.g.,
temperature, pressure, reactant concentrations) which control
the deposition rate also influence the nucleation and growth
of the deposit and, therefore, its microstructure. The
nucleation behavior is primarily influenced by temperature
which affects the mobility of the adatoms as well as the
deposition rate. However, other operating conditions such as
pressure and reactant concentrations can also influence the
final crystal structure by altering the deposition rate. For
example, when pressure and reactant concentrations are
changed to increase the deposition rate of silicon, the
crystallinity of silicon is found to decrease (94]. Figure
2-8 shows the crystalline structure of Si as a function of
the deposition rate and temperature. Polycrystalline Si was
deposited when the Si deposition rate was high and the
temperature was low. Otherwise, single crystal Si (i.e.,

epitaxial growth) was deposited. Based on the experimental

58




1420 1100 1000 °C
! 1 )
704 —
oum'h;n S -
i ) poly ~region
10— :
1 monocryst-region
102 —
70"‘ 1 | S { 1 B

10°

_> n—

TH)
Figure 2-8. Crystalline structure of Si is strongly
influenced by deposition rate and temperature

[94].

59




observations, the general relationship between the final
crystal structure, C, of CVD coatings with the growth rate,
J, and the operating conditions can be qualitatively

correlated as:

C=2C { J(Tlplpuv)r u,(T) } (2-4)

where P, is the inlet partial pressure of reactant i, v is the
linear fluid velocity to account for the mass transfer
effect, and u, is the surface mobility of adatoms i.

The correlation described in Eq. 2-4 is based on
experimental observations from the CVD of single phase
systems. However, to date, CVD of dispersed phase composites
has not been studied enough to answer a basic, but important
question: how should the simultaneous nucleation and growth
of two chemically different phases (i.e., BN and AlN) be
treated? In the present study, the question is answered
using the following experimental approach. First, nucleation
and growth characteristics of BN-CVD, A1N-CVD, and BN+A1lN-CVD
systems will be analyzed and tested to determine whether the
three CVD systems follow the general nucleation behavior
described by Eg. 2-4. Second, the nucleation and growth
behavior of the BN+AlN-CVD process will be compared to that
of the BN-CVD and AlIN-CVD single phase deposition processes.
The comparison will provide the first clue in understanding
the nucleation and growth process for the BN+AlN composite

system: Do BN and AlN grains in the composite environment
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nucleate and grow independently? When the answer is "yes",
the nucleation and growth process of the composite system
will be nothing more than that in which the two independent
BN~CVD and A1lN-CVD processes occur simultaneously at the same
space and time. Then the crystalline structure of the BN and

AlN phases in the composite environment can be express as:

C =

BN Can (IpNn, u,’ (2-5)

c (2-6)

aiv = Caiv (ain, o)

On the other hand, when the answer to the above question is
"no", any deviation from Egs. 2~5 and 2~6 should be explained
on the Dbasis of ©possible chemical and/or physical
interactions between the BN and AlN grains.

In summary, Eq. 2-4 describes the overall methodology of
the present investigation. First, the Kkinetics and
thermodynamics of the BN-, AlN-, and BN+AlN-CVD systems will
be independently studied. The effects of process parameters
on deposition rate and microstructure of the CVD coatings
will be determined. Second, the microstructure of the
BN+AlN composite will be compared to that observed from the

BN-CVD and AlN-CVD.
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CHAPTER III

EXPERIMENTAL EQUIPMENT AND PROCEDURE

The first section of this chapter describes the CVD
equipment and materials used to prepare BN, AlN, and BN+AlN
coatings. The section also includes detailed discussions on
the vaporization of AlCl, powder and the configuration of the
impinging Jjet reactor geometry arrangement insicde the CVD
furnace. The second section introduces various analytical

techniques which were employed to characterize the coatings.

€VD Apparatus

ov e

As schematically shown in Figure 3-1, the overall
experimental arrangement consisted of: (1) a reagent supply
system including stainless steel gas lines and control-valves,
a stainless steel AlCl, vaporizer, and a stainless steel
injector; (2) a resistively heated hot-wall vertical graphite
furnace in a gas tight, water-cooled stainless steel shell
(see Figure 3-2); and (3) a scrubber plus a corrosion
resistant vacuum pump from Leybold, Inc. (Type D16BCS). A
photograph of the apparatus is shown in Figure 3-3.

Pressure in the furnace was measured by an MKS Baratron

pressure gauge (Type 122A) and was controlled by an MKS
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Figure 3-2,. Detail features of the CVD furnace.
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pressure controller (Type 250B). An optical pyrometer from
Ircon Co. (Modline Plus, Type R) and a chromel-alumel
thermocouple (Type K, Pyromation, Inc.) or a W-5%Re/W-0%Re
thermocouple (Pyromation, Inc.) were used to measure deposi-
tion temperature at the exterior surface of the graphite
reaction chamber) as shown in Figure 3-1. The deposition
temperature was controlled using a temperature controller from
Research, Inc. (Micristar, Model 828D}, which was interfaced
with the pyrometer and furnace power supply.

The thermocouples and pyrometer were periodically
calibrated by: (1) placing a long W-5%Re/W-26%Re thermocouple
(Pyromation, Inc.) inside the graphite chamber along the
center line of the furnace, (2) placing an optical pyrometer
from Pyrometer Instrument Co. on the top of the furnace and
focusing it onto a graphite substrate inside the graphite
chamber through a silica window, and/or (3) melting silver and
checking its melting point (961°C). From these calibrations,
it was determined that the temperature of the graphite chamber
(or substrate) surface was usually about 30 to 50°C higher
than that of the bulk gas phase. The higher temperature at
the graphite surface was probably due to a small amount of
radiational heat flux coming directly from the heating element
to the graphite chamber. Therefore, it was suspected that the
graphite chamber and substrate were “ainly heated by
convective heat transfer at typical operating temperatures

(e.g., 800 to 1100°C). The idea was supported by the fact
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that the gas phase temperature increased by about 30 to 40°C
as the furnace pressure was decreased from 760 torr to 30 torr
(i.e., an increase in the gas velocity increased the
convective heat transfer rate).

The desired flow rates of BCl, (Matheson, 99.9%), NH,
(Matheson, 99.99%), Ar (Matheson, 99.999%), and H, (Matheson,
99.999%) were controlled by mass flowmeters from MKS
Instruments, Inc. (Type 1259B) with an MKS power source (Type
247C). The mass flowmeters were periodically calibrated with
a bubble flowmeter using Ar. BCl, is 1liquid at room
temperature, but its vapor pressure is high enough so that the
mass flowmeter could be used. However, in order to minimize
the condensation of BZl,, the BCl, line and the mass flowmeter
were heated with heater tapes in a manner such that the
temperature downstream of the mass flowmeter was about 150°C
while that upstream of the mass flowmeter was about 60°C. 1In
most experiments, two types of thin a-Al,0, strips were used
as substrates: (1) 1.27 cm x 7.6 cm x 0.0794 cm, Coors Inc.,
Type-ADS-96, 99.6% and (2) 1.905 cm x 5.715 cm x 0.0635 c¢cm,
Materials Research Corp., Lot# 110236, 99.6%. Other substrate
materials such as graphite (Grade 890S), hot pressed Si,N,
(NCX-34, Norton Co.), bearing steel (M50), tungsten (Victor
Co.) and titanium (Grade 2, Tico, Inc.) were occasionally
used.

The general deposition procedure is outlined as follows.

After the substrate(s) were weijhed and placed inside the
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reactor, the reactor was heated to the desired temperature
while flowing argon at the desired pressure. The deposition
started when the reactants were simultaneously fed into the
furnace. The deposition was terminated by stopping the
reactant flows and subsequently cooling the furnace while
flowing argon. For codeposition experiments (i.e., BN+AlN-
CVD), both BCl, and AlCl, were simultaneously fed into the
reactor. For single phase deposition experiments (i.e., BN-
CVD and Al1N-CVD), either BCl, or AlCl, was used. After each
deposition experiment, the substrate was assigned to a "J-
number" (e.g., J-833) for identification purposes.

The CVD apparatus was periodically checked for air leaks.
During the leak checks, the furnace was evacuated to about 2
torr. The leak rate into the entire furnace chamber excluding
the gas supply lines and vaporizer (about 13,000 cm’ in
volume) was typically about 6500 torr.cm’/min. However, the
actual reaction chamber volume (i.e., volume of the graphite
chamber from the injector inlet to the substrate position
where oxygen contamination with the reagent stream would be
a significant problem) was much smaller (about 330 cm’) than
that of the entire furnace so the effective leak rate into the
reaction zone was estimated to be only about 165 torr.cm’/min.
The leak rate into the vaporizer (145 cm’ in volume) evacuated
at 10 torr was about 30 torr.cm’/min. The leak rate into the

stainless steel gas supply lines before the CVD furnace was
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about 350 torr.cm’/min. Therefore, the maximum total leak
rate was 545 torr.cm’/min, which corresponded to a maximum air

contamination of about 400 ppm at 2 torr.

Vaporization of AlCl,
AlCl, was obtained from Aldrich Chemical Co., Inc.

(99.99%) and Fisher Scientific (99.784%). Since the AlCl,
powder is hydroscopic, it was always handled in an argon
glove~box. Using the glove-box, the powder (about 10 g) was
transferred into a stainless steel boat, which was then placed
in the leak-tight stainless steel vaporizer (22.86 cm in
length and 3.175 cm in diameter). The AlCl, vaporizer was
heated with heater tapes to temperatures of 115 to 145°C
depending on the operating pressure of the CVD reactor. The
vapor pressure of AlCl,, P, , can be easily determined from the

following equation [96]:
log P,, = 15.45 - 5750/T (3-1)

where T is the temperature in K and P, is in torr. For
example, the vapor pressure of AlCl, at 115 and 145°C are
about 4 and 50 torr, respectively. A chromel-alumel
thermocouple (Type K, Omega Engineering, Inc.) was used to
measure temperature inside the vaporizer at its center
position. The vaporizer temperature was controlled by a
temperature controller from Omega Engineering, Inc. (Series

CN 310). Pressure inside the vaporizer was measured by a
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pressure gauge from Omega Engineering, Inc. (Type 232-10),
which was located before the inlet control valve of the
vaporizer.

The AlCl, powder in the vaporizer was cleaned by flowing
Ar for at least 30 minutes, and the vaporizer was pressurized
to about 150 torr with Ar. At the start of deposition, both
exit and inlet valves of the vaporizer were simultaneously
opened so an argon stream (usually 5 to 50 cm’/min at STP)
could pass through the vaporizer and carry AlCl, vapor into
the reactor. After the deposition was completed, the average
flow rate of the AlCl, vapor was calculated from the overall
weight loss of the vaporizer. Figure 3-4 shows the AlCl,
weight loss as a function of time at two different
vaporization conditions. The fairly 1linear relationship
between the weight loss and time (extrapolated to the origin)
indicated that the flow rate, or flux, of the AlCl, vapor into
the furnace was constant throughcut the deposition process.
Figures 3-5 and 3-6 show the effects of the vaporizer
temperature and the carrier Ar flow rate, respectively, on the
vaporization rate of AlCl,. The vaporization rate of AlCl,
increased rapidly with increasing temperature and, therefore,
was very sensitive to even a slight temperature variation
during the whole vaporization process. The error bars in
Figures 3-4, -5, and -6 were drawn to indicate the uncertainty

in measuring weight of the vaporizer (+ 0.04 g).

70




1.4

AIC! 3 WEIGHT LOSS (g)

T=140°C

T=115°C

Ar FLOW RATE = 5 cm¥/min

,I
0 -+ T T T T 1
0 10 20 30 40 50 60
TIME (min)
Figure 3-4. Weight loss of AlCl, versus time.

71




@
®
0.070
;
® 0.060 /

0.050 - /

RATE OF AICl; WEIGHT LOSS (g/min)

0.040 - E,
0.030 /{
,I
1
0.020 - o~
0.010 - %
P =82 to;r
Ar Flow e = § cmd/min
0 | Rat L]

1 ] |
110 115 120 125 130 135 140
TEMPERATURE (°C)

Figure 3-5, Rate of AlCl, weight loss versus temperature.

72

N




0.070

:C-: 0-060 =
E
=) { T =140°C
%’ o 050 _ ”r" P = 176 tOI'r
0 ’a""
= e’
= P
S 0.040 ’,'
C I
- / -
/
£ 0.0301 I o
e !+ =T 4
& {
= ol
é 0.020 + "'a' T=115°C
’I/ P =74 torr
I”
0.010 - :[,/
0 ) | 1 I R
0 5 10 15 20 25 30

Ar FLOW RATE (cm3min, STP)

Figure 3-6. Rate of AlCl, weight loss versus Ar carrier
flow rate.

73




The vaporizer data shown in Figures 3-4,-5, and -6 were
qualitatively in agreement with predictions from simple
calculations performed on the assumption that the carrier Ar
stream is fully saturated with the AlCl, vapor. However, a
precise match between the data and predictions from the
calculations was not obtained due to: (1) uncertainties and
errors associated with measuring temperature and pressure, as
the vaporization behavior was very sensitive to these
parameters and (2) temperature variations in the radial and
axial directions, which were not accounted for during the
calculations, and (3) "local" cooling at the solid surface due
to the vaporization. In addition, the Ar carrier stream might
not be fully saturated when the carrier flow rate was high,
as evidenced by the fact that the slope of the AlCl,
vaporization rate slowly decreased with increasing the Ar flow
rate (see Figure 3-6). Nevertheless, any desired flow rate
of AlCl, vapor within an accuracy of * 0.2 cm’/min at STP could
be supplied to the CVD chamber by mainly controlling the
vaporizer temperature and Ar carrier flow rate. Once the
vaporizer was loaded with AlCl, in the glove-box, the AlCl,
powder could typically be used for more than ten deposition
experiments as long as the powder was not contaminated by air.
The air contamination could be minimized by pressurizing the
vaporizer with Ar between the deposition runs.

The stainless steel injector, shown in Figure 3-2,

contained two co-axial gas paths so NH,/H, and AlCl,/BCl,
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mixtures could be separately fed into the furnace without the
metal-chlorides reacting prematurely with NH,. Both paths
were diluted with argon. The injector had a cooling shell and
was cooled with compressed air for experiments performed in
the early stage of the present study (up to J-748). However,
it was found that about 50% of the AlCl, vapor tended to
condense inside the injector due to the low temperature of the
air stream even though the injector was heated with heater
tapes from the outside. The condensation often caused
clogging of the inside path. Also, the AlCl, flow rate could
not be accurately determined. In order to avoid the
condensation of AlCl, vapor, an oil bath (Type 001-4200, Haake
Co.) wa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>